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Abstract 


The characteristics of a water gas shift reaction (WGSR) in association with carbon dioxide sequestration under the effects of a high-temperature 
catalyst (HTC) and a low-temperature catalyst (LTC) are studied experimentally. With the condition of fixed residence time (0.1 s) for the reactants 
in the catalyst bed, it is found that the reaction behaviors with the HTC are inherently different from those with the LTC. Specifically, for the WGSR 
with the HTC, the reaction can be divided into a rapid growth regime, a progressive growth regime and a slow growth regime with increasing 
reaction temperature or steam/CO ratio. With regard to the WGSR with the LTC, three different regimes are also exhibited; however, they consist of 
a rapid growth regime, a progressive decay regime and a growth-frozen regime. According to the aforementioned characteristics, proper or better 
operation conditions using the HTC and the LTC for the application of fuel cells are suggested. When the product gas passes through a Ca(OH), 
solution, the obtained results reveal that CO, removal efficiency increases with increasing solution concentration or steam/CO ratio for both the 


HTC and the LTC used in the WGSR. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


It is well known that hydrogen is a crucial raw material 
in industry. It has been extensively used for ammonia synthe- 
sis, the breaking down of heavier crude oils and the removal 
of sulfur. In addition to the raw material, hydrogen is also a 
remarkable fuel for combustion. Its power density, or heating 
value per unit mass, is much higher than other gases or liq- 
uid fuels [1]. For this reason, hydrogen has been employed 
in liquid rockets and space shuttles as an important propel- 
lant for many decades. In the future, seeing that fuel cells are 
very likely to become an efficient and clean alternative to fuel 
combustion for primary power generation or distributed genera- 
tion, it is anticipated that hydrogen will become more and more 
important as a fuel supply. This implies that the production of 
hydrogen will be an essential task for the utilization and appli- 
cation of fuel cells and the development of a hydrogen economy 
[2-4]. 
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As far as hydrogen generation is concerned, the water gas 
shift reaction (WGSR) 


CO + H20 + CO2+H2 AH= —41kJ mol”! (1) 


is a fundamental and important process in nature. This comes 
from the fact that hydrogen can be produced from water or 
steam by means of carbon monoxide oxidation into carbon diox- 
ide, as expressed in the preceding equation. During gasification 
processes, WGSR will simultaneously occur, while partial oxi- 
dation reactions of fuels proceed to generate synthesis gas or 
syngas (i.e. H2 + CO) [5,6]. The concentration of hydrogen in 
the syngas can be determined by controlling the fuel/steam or 
the C/H ratio in the feeding stream. After the syngas is produced 
from the gasification of hydrocarbons, hydrogen concentration 
can be enriched, through further WGSR procedures. Apart from 
the gasification, steam reforming is another widely used tech- 
nique for producing hydrogen [7,8]. This can be practiced from 
different feedstocks such as methanol, ethanol and methane. 
Following the reactions of steam reforming, on account of the 
mixture of CO, CO2, H2 and CH4 contained in the product gas, 
WGSR can be subsequently carried out to reduce the concen- 
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tration of CO to the level of 0.5% [9] and thereby promote the 
concentration of H2. In such a situation it is easier to remove 
CO using palladium or other membranes to avoid poisoning the 
platinum-alloy catalysts used in the electrodes of fuel cells [10]. 

When WGSR is applied for hydrogen generation, the reac- 
tion processes can be catalogued into two different ways. One 
is a reaction in the presence of catalysts and the other is a reac- 
tion without the presence of catalysts. The catalytic processes 
can be further classified into two groups, depending on the reac- 
tion temperature or catalyst type. They are the high-temperature 
shift (HTS) reaction and the low-temperature shift (LTS) reac- 
tion. The HTS is usually developed at temperatures ranging from 
320 to 450 °C. The LTS is operated at temperatures ranging from 
200 to 250°C [11]. Commercially, iron—chromium-based cata- 
lysts are the most widely used catalysts for the HTS reactions 
[12,13]. Alternatively, copper—zinc-based catalysts have been 
extensively applied in developing the LTS reactions [14,15]. 
Aside from the Fe—Cr-based catalysts and the Cu-Zn-based cat- 
alysts, gold-based [16] catalysts and platinum group metals [17] 
can also be used to facilitate the WGSR. However, the prices of 
gold and platinum are much higher than that of the commercial 
Fe-Cr or Cu—Zn-based catalysts. Other metals such as zeolite 
[18] and Sn, Ce, Ru and Rd [19] or B, Cu, Ba, Pb, Hg and Ag 
[20] imbedded in the catalyst have also been studied to increase 
the performance of WGSR. 

In the absence of catalysts, the WSGR reaction can be trig- 
gered when CO is immersed an environment of supercritical 
water [21—24]. For example, in the kinetics study of Araki et 
al. [23], they found that the reaction proceeded according to the 
stoichiometric reaction as CO + H20 — CO) + H2, whose rate 
was first order on the concentration of CO. The rate determining 
step of the WGSR was the formation process of formic acid, 
which subsequently dissociated to CO2 + H2 at a much higher 
reaction rate. In the experimental study of Sato et al. [24], a 


non-catalytic WGSR was performed at a CO/H20 ratio of 0.03 
and at temperatures ranging from 653 to 713 K. The first order 
rate constant of the WGSR was established as well. It was found 
that the CO conversion rate was relatively low compared to the 
conventional catalytic processes. 

An examination of the aforementioned literature shows that 
many outstanding studies have been reported. When consider- 
ing the catalytic process, hydrogen generation from a WGSR 
is deeply affected by the composition of the catalyst. For this 
reason, the attentions of the studies were always focused on the 
preparation of the catalysts and relatively little focus on the per- 
formance of the WGSR. In the present study, the characteristics 
of the WGSR affected by various operational conditions will be 
explored and described under individual existences of a HTC 
and a LTC in a reactor. Recognizing the behaviors of the WGSR 
with the effects of the catalysts, better reaction parameters will 
be suggested to aid in the production of hydrogen for the applica- 
tion of fuel cells. In addition, by virtue of CO2 being an important 
product in a WGSR and the main reason for causing the green- 
house effect, the behaviors of carbon sequestration through CO2 
absorption by Ca(OH) solutions will also be investigated. 


2. Experimental 


Water gas shift reactions (WGSR) were performed by means 
of a conducted reaction system in this study (schematic of the 
system is sketched in Fig. 1). As shown in Fig. 1, in the input 
unit the volumetric flow rate of water was controlled by a rotary 
pump where a calibration curve of the flow rate was first estab- 
lished. With regard to the feeding gas, the residence time or gas 
hourly space velocity (GHSV) of the reactants (i.e. H2O and 
CO) was fixed in the study. CO and N2 were blended in a mixer 
and their flow rates were controlled by use of an electric flow 
rate controller. The feeding of gas (i.e. CO + N2) and water were 
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Fig. 1. A schematic of the reaction system. 
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Table 1 
Components of the catalysts and operation conditions for WGSR 
Catalyst Surface area Component (weight %) Reaction Catalyst bed Residence Volumetric flow rate of Steam/CO 
(m? g7!) temperature (°C) length (cm) time (s) water (mL min™!, 25°C) ratio 
High-temperature 62.730 Iron oxide: 86-92 300-500 8 0.1 0.463 1:1-10:1 
catalyst 
Chromium oxide: 6-10 
Chromium trioxide: 0.1—2.0 
Copper oxide: 1.5-2.1 
Low-temperature 59.369 Copper Oxide: 40-44 200-400 8 0.1 0.463 1:1-10:1 


catalyst 
Zinc Oxide: 44-50 
Aluminum Oxide: 7.0-13 


simultaneously sent into the preheater in a co-current pattern. 
Water was heated and transformed into steam which would then 
be uniformly mixed with the feeding gas. The mixture was then 
transported into the reactor. Both the preheater and reactor were 
heated by heating elements. The power of the heating elements 
was controlled by temperature controllers and power controllers. 
The tube inside the preheater was filled with glass balls, which 
were able to absorb heat and uniformly heat the water. Simi- 
larly, the tube inside the reactor was packed with catalyst pellets, 
which could elicit the WGSR. The product gas was then sent to 
a condenser in which moisture contained in the gas was pre- 
liminarily removed. The product gas would then pass through 
a drier or flow into a Ca(OH)? solution followed by entering 
the drier to remove moisture completely. Volumetric concentra- 
tions of CO, CO2 and H were then detected by a gas analyzer 
(Fuji ZRJF5 Y23-AERYR-YKLY YCY-A) and a gas chromatog- 
raphy (GOW-MAC Series 400). The electrical signals from the 
gas analyzer and gas chromatography were sent into a computer 
to indicate and record the concentrations of CO, CO2 and Ho. 


(d) 


< 


10 um 


To ensure the measurement quality, prior to performing exper- 
iments, the feeding gas, with a fixed volumetric flow rate, was 
blown into the reaction system. Then the flow rate of the feeding 
gas and the concentration of CO were measured at the system 
exit. This guaranteed that no gas leakage occurred. In addition, 
the calibrations of the gas analyzer and the gas chromatography 
were carried out by means of standard gases. 

The important parameters affecting WGSR for the study 
include reaction temperature, catalyst composition, residence 
time and concentrations of reactants in the catalyst bed. The 
purpose of the present study is to recognize the characteristics 
of the HTS and LTS reactions at various reaction temperatures 
and steam/CO ratios, to provide a useful insight into the produc- 
tion of hydrogen practically. Therefore, two different catalysts, 
consisting of a high-temperature catalyst (HTC, Sud-Chemie 
SHT-4) and a low-temperature catalyst (LTC, Sud-Chemie 
MDC-7), have been adopted to explore the reactions. The com- 
ponents of the two catalysts and their surface areas are shown 
in Table 1. The scanning electron microscope (SEM, Hitachi 
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Fig. 2. (a) SEM image and (b) EDS analysis of the high-temperature catalyst as well as (c) SEM image and (d) EDS analysis of the low-temperature catalyst. 
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S4800) observations and the energy dispersive spectrometer 
(EDS) analyses of the catalysts are presented in Fig. 2. It is clear 
from Table 1 and Fig. 2, that the HTC is an iron—chromium-based 
catalyst, whereas the LTC is a copper—zinc-based catalyst. 


3. Results and discussion 


In order to provide a basis for comparison, the residence time 
of the reactants (i.e. CO + H20) in the catalyst bed will be fixed 
at 0.1 s (or GHSV =36,000h~!). This residence time has been 
tested and illustrated to show that 0.1 s is long enough for the 
WGSR to adequately develop. Details of the operational condi- 
tions of the experiments are given in Table | as well. Based on 
the required residence time with the catalyst bed porosity of 0.3, 
the volumetric flow rates of feeding gas (viz., CO + N2) and the 
volumetric percentages of CO in the feeding gas at various reac- 
tion temperatures and steam/CO ratios are provided in Table 2. 
It can be seen that increasing reaction temperature decreases the 
volumetric flow rate of the feeding gas, but it increases the vol- 
umetric percentage of CO. On the other hand, the volumetric 
percentage of CO declines as the steam/CO ratio decreases, on 
account of fixed water volumetric flow rate. 


3.1. Product gas concentration 


The concentrations of CO, CO» and H2 from WGSR under 
the effect of the HTC are first presented in Fig. 3, where the reac- 
tion temperature varies from 300 to 500 °C and three steam/CO 
ratios of 1, 4 and 10 are selected. In examining concentration 
distributions of CO, and H2 shown in Fig. 3a—c, it can be found 
that their concentrations always rise with increasing reaction 
temperature, no matter what the steam/CO ratio is. Contrary to 
the behaviors of CO2 and H2, when the steam/CO ratio is 4 or 
8, the concentration of CO decays with increasing reaction tem- 
perature (Fig. 3b and c). However, when the steam/CO ratio is 
1, it is noted that the concentration of CO is characterized by 
a smiling curve. When the volumetric percentage of CO shown 
in Table 2 is examined, under the condition of fixed residence 
time (0.1 s) and steam/CO ratio, it can be seen that the value 
grows with increasing reaction temperature. Apparently, when 
the steam/CO ratio is higher such as 4 or 8, the forward reac- 
tion of the WGSR is strong enough so that the concentration 
of CO is reduced as the reaction temperature increases. When 


Table 2 
Volumetric flow rates of feeding gas and CO volumetric percentages in the 
feeding gas at various reaction temperatures and steam/CO ratios 


Temperature Volumetric flow rate of | Steam/CO ratio* 
(CC) feeding gas (mL min™!) 1 4 6 8 10 
200 2181 28.86 7.21 4.81 3.61 2.89 


250 1912 32.91 8.23 5.48 4.11 3.29 


300 1691 37.23 9.31 6.20 4.65 3.72 
350 1505 41.83 10.46 6.97 5.23 4.18 
400 1346 46.76 11.70 7.79 5.84 4.68 
450 1210 52.04 13.01 8.67 6.50 5.20 
500 1091 57.71 14.43 9.62 7.21 5.77 


* CO volumetric percentage in feeding gas (%). 
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Fig. 3. Volumetric concentration distributions of CO, CO2 and H3 under the 
effect of the HTC at the steam/CO ratios of (a) 1, (b) 4 and (c) 8. 


the steam/CO ratio is 1 and the reaction temperature is below 
400 °C, the aforementioned behavior is still featured. However, 
once the ratio is higher than 4, the strength of the forward reac- 
tion of the WGSR is insufficient to counteract the increase in 
CO concentration, the smiling curve is exhibited. 

When attention is paid to the behavior of the WGSR with 
the effect of the LTC, Fig. 4 displays the concentrations of CO, 
CO% and H2 where the reaction temperature is in the range of 200 
and 400°C and the steam/CO ratios are 1, 4 and 8. As a whole, 
though the concentrations of CO2 and H3 increase with increas- 
ing reaction temperature, the concentration of CO is promoted 
as well, unlike the behavior of CO shown in Fig. 3. This reveals 


372 W.-H. Chen, J.-G. Jheng / Journal of Power Sources 172 (2007) 368-375 


(a) 30 


Concentration (%) 
a 


(0) 
150 200 250 300 350 400 450 
Temperature (°C) 


(b) 12 


Concentration (%) 


0 
150 200 250 300 350 400 450 
Temperature (°C) 


= 
Q 

~ 

œ 


Concentration (%) 
A 


150 200 250 300 350 400 450 
Temperature (°C) 


Fig. 4. Volumetric concentration distributions of CO, CO2 and H3 under the 
effect of the LTC at the steam/CO ratios of (a) 1, (b) 4 and (c) 8. 


that, with the effect of the LTC, an increase in reaction tempera- 
ture does not absolutely enhance the performance of the WGSR, 
resulting from CO conversion being determined by CO and CO2 
concentrations. Hence, the characteristic of the WGSR with the 
effect of the HTC is dramatically different from that with the 
effect of the LTC. 


3.2. CO conversion 
As far as the performance of the WGSR is concerned, the 


efficiency of hydrogen generation can be represented by CO 
conversion. The higher the CO conversion, the more hydrogen 
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Fig. 5. Distributions of CO conversion with respect to steam/CO ratio at various 
reaction temperatures for WGSR with the effect of the HTC. 


produced. To figure out the reaction performance with varying 
steam/CO ratios, the values of CO conversion with the effects 
of the HTC and the LTC are demonstrated in Figs. 5 and 6, 
respectively. When the reaction temperature is 300°C where 
the HTC is used (Fig. 5), an increase in steam/CO ratio is con- 
ducive to achieving a higher production of hydrogen. However, 
the CO conversion ranges from 34% to 60%, implying that the 
performance of the WGSR is relatively poor. Once the reaction 
temperature is increased to 350°C, a significant improvement 
in CO conversion is the result. Specifically, the CO conversion 
is between 48% and 77%. Nevertheless, the performance of the 
WGSR is still relatively low. With increasing the reaction tem- 
perature further, up to 400°C, the CO conversion can be lifted 
up to 89% which occurs at the steam/CO ratio of 10. How- 
ever, when the reaction temperature is pushed to 450 or 500°C, 
the extent of improvement tends to decay, in spite of further 
enhancement in CO conversion. This result is not as signifi- 
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Fig. 6. Distributions of CO conversion with respect to steam/CO ratio at various 
reaction temperatures for WGSR with the effect of the LTC. 
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cant as those performed at lower reaction temperatures. As a 
whole, increasing both reaction temperature and steam/CO ratio 
increases the performance of the WGSR. 

When the performance of the WGSR with the effect of LTC 
is considered, Fig. 6 displays the distributions of CO conver- 
sion at various reaction temperatures where the steam/CO ratio 
varies from | to 10. From the distributions, it is noteworthy 
that the CO conversion is fairly different from that shown in 
Fig. 5. For example, the CO conversion at 200 °C is relatively 
high when compared with the other reaction temperatures, with 
the exception of steam/CO ratio of 1. It follows that at 200°C 
hydrogen production increases with increasing steam/CO ratio. 
Yet, when the reaction temperature is as high as 250 °C, increas- 
ing either reaction temperature or steam/CO ratio does not give 
an advantage to the CO conversion nor the hydrogen genera- 
tion, excepting the steam/CO ratio between 1 and 4. It is thus 
recognized that there is an essential difference in reaction char- 
acteristics between using the HTC and the LTC, and an optimal 
reaction temperature exists when the LTC is employed. 


3.3. Characterization of WGSR 


To proceed farther into the recognition of WGSR charac- 
teristics, a three-dimensional profile of CO conversion versus 
reaction temperature and steam/CO ratio under the effect of the 
HTC is provided in Fig. 7a. From the profile shown in Fig. 7, 
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Fig. 7. (a) Three dimensional profile of CO conversion and (b) regime locations 
of WGSR characteristic under the effect of the HTC. 


when the steam/CO ratio increases from 1 to 4, the CO conver- 
sion greatly increases no matter what the temperature is. When 
the steam/CO ratio goes beyond 4 and the reaction temperature 
is between 300 and 400°C, the growth of CO conversion with 
increasing temperature is also exhibited, but the growth extent 
is not as significant as that in the aforementioned regime. On 
the other hand, when the steam/CO ratio is higher than 4 and 
the reaction temperature is higher than 400°C, Fig. 7a depicts 
that the growth of CO conversion tends to wither. This shows 
that there are three different regimes in accordance with the 
growth of CO conversion (or hydrogen generation) that can be 
identified. In the first regime where the steam/CO is below 4 
and the reaction temperature ranges from 300 to 500°C, the 
WGSR is located at a rapid growth area, as shown in Fig. 7b. 
In the second regime where the steam/CO ratio is beyond 4 and 
the temperature is between 300 and 400 °C, the CO conversion 
is characterized by a progressive growth. In the third regime 
where the steam/CO ratio is larger than 4 and the temperature is 
higher than 400 °C, a slow growth in CO conversion is featured. 
From the viewpoint of practical WGSR operation, an increase 
in steam/CO ratio is conducive to CO conversion, as shown in 
Fig. 5. However, increasing steam also means that more heat is 
required to transform water into steam, thereby more energy is 
wasted. Accordingly, Figs. 5 and 7a reflect that the boundary 
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Fig. 8. (a) Three dimensional profile of CO conversion and (b) regime locations 
of WGSR characteristic under the effect of the LTC. 
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between the first regime and the third regime will be the better 
operation condition. 

Fig. 8a sketches a three-dimensional profile of the CO con- 
version from WGSR with the effect of the LTC. When the 
steam/CO ratio is increased from 1 to 4 (the first regime), the 
CO conversion is characterized by a rapid growth, whatever 
the reaction temperature is encountered. This result resembles 
that shown in Fig. 7a. When the steam/CO ratio is beyond 4 
and the reaction temperature is increased from 200 to 250°C 
(the second regime), the CO conversion declines progres- 
sively with increasing reaction temperature. This implies that 
the increase of reaction temperature inhibits the WGSR. For 
the cases of steam/CO ratio beyond 4 and reaction tempera- 
ture beyond 250°C (the third regime), the distribution of the 
CO conversion behaves as a plain with increasing reaction 
temperature or steam/CO ratio. In other words, hydrogen gen- 
eration is almost independent of the ratio and the temperature 
in this regime. From the above observations, the entire reac- 
tion characteristics can also be grouped into three regimes. In 
the first regime (steam/CO < 4 and temperature = 200-400 °C), 
the WGSR belongs to a rapid growth mode. In the second 
regime (steam/CO > 4 and temperature = 200-250 °C), the reac- 
tion is governed by a progressive decay mode. In the third 
regime (steam/CO > 4 and temperature = 250—400 °C), the reac- 
tion intrinsically pertains to a growth-frozen mode, as shown 
in Fig. 8b. From the distributions shown in Figs. 6 and 8b, 
a better or optimal operational condition at the reaction 
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Fig. 9. (a) Two-dimensional and (b) three-dimensional distributions of CO2 
removal percentage at various steam/CO ratios and solution concentrations for 
WGSR with the effect of the HTC. 


temperature of 200°C and the steam/CO ratio of 4 is sug- 
gested. 

From the above results, it has been known that increasing 
steam/CO ratio can promote the CO conversion percentage, but 
the overall thermal efficiency of the reaction system may decline, 
as described before. As a matter of fact, the overall thermal 
efficiency will be affected by some important parameters such 
as reaction temperature, steam/CO ratio and residence time of 
the reactants in a catalyst bed. Therefore, the analysis of the 
overall thermal efficiency is worthy of study in the future. 


3.4. Carbon dioxide sequestration 


In a WGSR, carbon dioxide is another important product. 
If CO2 is removed from the product gas, the concentration of 
hydrogen will be enlarged so as to increase the utilization of 
hydrogen in fuel cells. For this reason, following the WGSR, 
the product gas is injected into a Ca(OH)» solution to account 
for the behavior of CO, sequestration. The distributions of CO2 
removal percentage from the product gas of the HTS reac- 
tions at various molar concentrations of the solution (1-5 M) 
are displayed in Fig. 9. The solution temperature is at room 
temperature. The curves shown in Fig. 9a depict that the CO2 
removal percentage increases with increasing the steam/CO ratio 
for all the solution concentrations. This result is a consequence 
of two factors; they include less CO 2 contained in the prod- 
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uct gas and a relatively higher CO conversion as the steam/CO 
ratio increases. Although a higher steam/CO ratio will enhance 
the CO conversion, the formed CO? concentration in the prod- 
uct gas is still lower than that from lower steam/CO ratios (see 
Table 2). Fig. 9a also shows that an increase in the concentration 
of a Ca(OH) solution will enhance the CO2 removal. When 
examining the three-dimensional profile of the CO2 removal 
percentage shown in Fig. 9b, the best removal efficiency occurs 
at the steam/CO ratio of 10 and the concentration of 5 M, where 
the removal efficiency is 86%. Upon inspection of CO2 removal 
from the LTS reactions, basically, as shown in Fig. 10a and 
b, the behaviors are similar to that from the HTS reactions. 
When the steam/CO ratio is between 4 and 10, the enhance- 
ment of CO, removal with increasing steam/CO ratio mainly 
results from lower CO2 concentration contained in the product 
gas because the CO conversion is located in the growth-frozen 
regime (Fig. 6). 


4. Conclusions 


By establishing a WGSR system in cooperation with using 
the HTC and LTC, the characteristics of CO conversion and 
hydrogen generation from water gas shift reactions have been 
investigated and outlined. When the HTC was employed, the 
CO conversion was featured by three different regimes with 
increasing reaction temperature or steam/CO ratio. They were 
the rapid growth regime, progressive growth regime and slow 
growth regime. Unlike the proceeding characteristics, the behav- 
ior of the WGSR with the effect of the LTC was characterized by 
the rapid growth regime, progressive decay regime and growth- 
frozen regime. Better operational conditions for the HTC to be 
used in the WGSR are suggested at the steam/CO ratio of 4 and 
temperature between 400 and 500°C, whereas the steam/CO 
ratio of 4 and temperature of 200 °C is suggested for the optimal 
operation of the LTC. Despite substantially different behaviors 
exhibited using the HTC and LTC, the basic characteristics of 
CO removed by Ca(OH)? solution are similar, regardless of 
the catalysts used. In addition to the aforementioned operations, 
if the WGSR is performed in a membrane reactor, the reaction 
product can be removed directly from the reaction system. As a 
result, the removal of the product can further promote the WGSR 
toward the product side in accordance with the thermodynamic 
equilibrium. Then, one is able to increase the CO conversion 
percentage as well. 
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